Introduction
The Friedel-Cras acylation is an important tool for organic syntheses of aromatic ketones, which are useful precursors in the synthesis of pharmaceuticals, agrochemicals, dyes and fragrances. [1] [2] [3] [4] [5] [6] The traditional Lewis acids catalyzing FriedelCras acylations are always used in more than stoichiometric amounts, and cannot be recovered and reused aer aqueous workup. 2, 7 Thus, traditional Lewis acids are not useful in industrial processes due to environmental problems. Consequently, there is considerable interest in the development of green catalysts and efficient methods for regio-and chemoselectivity in the Friedel-Cras acylation. [8] [9] [10] [11] [12] [13] [14] [15] Over the past decade there has been an explosion in the development of green catalysts for Friedel-Cras acylation, and a large number of papers have been published. 7, [16] [17] [18] [19] [20] Among these catalysts, ionic liquids have attracted increasing interest as solvents because of their unique chemical and physical properties, such as low or non-volatility, thermal stability and large liquid range.
21-23
Consequently, ionic liquids gain a special attraction as green solvents to replace volatile organic solvents.
24
The Friedel-Cras acylation using ionic liquids as green solvents aims to increase the yield and to recycle the catalytic system without signicant loss of the catalytic activity. 23 The catalytic systems containing the catalyst and ionic liquids are dried under vacuum for a period of from one to three hours before being used in the next cycle. 23 Various homogeneous and heterogeneous catalysts dissolved in ionic liquids gave the best conversion. 24 However, high cost, environmental toxicity and high purity requirement limit the use of ionic liquids in organic synthesis. 23 Recently, the rst integrated ionic liquids have been easily prepared in high purity, [25] [26] [27] such as chloroaluminate ionic liquid, which was reported as an efficient catalyst for Friedel-Cras acylation, but its poor stability to moisture generated undesired products necessitating the use of an inert atmosphere. [28] [29] [30] [31] In addition, the recovery and reuse of the rst integrated ionic liquids led to decrease of reaction yields due to the loss of metal chloride into the product stream as benzophenone-metal chloride adduct.
29
In addition, gradual decomposition of the catalyst is also an environmental problem.
32
Recently, Abbott and co-workers have promoted and developed a new class of ionic liquids called deep eutectic solvents (DES) which are oen composed of choline chloride and one or two other components. 33 Generally, DES are easily formed through hydrogen bond interaction, resulting in a lower melting point than those of the individual components. 34, 35 A slightly different type of DES is formed between choline chloride and zinc chloride, which can be used as stable Lewis acids and green solvents for organic syntheses and electrochemical applications. 36 The advantages of DES are easy synthesis with high purity, non-toxicity, biodegradability and lower price than traditional ionic liquids. microwave irradiation. A deep eutectic solvent was used as catalyst for many organic transformations. [40] [41] [42] [43] [44] [45] [46] [47] [48] First, our investigation focused on nding the optimal mixture of choline chloride and zinc chloride. The FriedelCras acylations of anisole and indole with propionic anhydride were tested under microwave (MW) irradiation at 120 C for 5 min (see Table 1 ). 3 catalyst was used to screen for the optimal condition under microwave irradiation at 100-140 C for 5 min. The results are summarized in Table 2 . Interestingly, all acid anhydrides, such as acetic anhydride, propionic anhydride, butyric anhydride, iso-butyric anhydride and benzoic anhydride, gave ketone products with major p-isomer and no demethylation products were observed. Surprisingly, pivalic anhydride was not reactive under the same reaction conditions ( Table 2 , entries 9-11). Anisole is acylated to afford the corresponding ketones in excellent yields at 120 C for 5 min under microwave irradiation.
Among the tested acid anhydrides, propionic and benzoic anhydride provide the highest yields. The above mentioned conditions were applied to the Friedel-Cras acylation of a variety of aromatic compounds as seen in Table 3 . The aromatic compounds with electron-donating (methoxy) substituents are reactive under optimized conditions, affording the benzoylated products in good to excellent yields (entries 1, 2, 4, 5). No demethylation was observed in this method, with the exception of 1,2,4-trimethoxybenzene (less than 10%). The Friedel-Cras propionylation of veratrole gave a lower yield than benzoylation under similar conditions. Although alkylbenzenes were acylated in good yields (64-80%), higher temperatures and longer reaction times were required than for methoxybenzene derivatives. Thioanisole was reactive under optimized conditions in excellent yield.
Indoles are important compounds used in many pharmaceuticals. Especially, the Friedel-Cras acylation of indoles at position 3 has attracted much attention in the past decade.
13,53-60 So far the use of DES as catalyst for this reaction has not, to our knowledge, been reported. In this paper, we report the Friedel-Cras acylation of indoles at position 3 without N-protection.
Minor modication of the optimized conditions were made when the Friedel-Cras acylation of indole with six types of acid anhydrides was investigated at 120 C for 10 min under microwave irradiation. In most cases, the major product was the 3-substituted one (>90%). The highest yield was obtained with propionic anhydride. Interestingly, pivalic anhydride, which is more sterically hindered than the others, was also reactive in this method, giving a product in 79% yield (entry 18). Table 3 shows a variety of reactions in which the reactivity of indoles bearing electron-poor (halogens) or electron-rich substituents at position 5 was investigated. The halogencontaining indoles selectively afforded 3-propionylation products in good yields in spite of weakly deactivating substituents (entries 21-23). 4-Bromoindole was propionylated in 70% yield with 86% selectivity at position 3 due to the steric effect of the bromo substituent in the benzene ring. 5-Methylindole was propionylated in 85% yield (entry 24). 5-Methoxyindole, with electron-donating substituent (methoxy) making it more reactive, provided 92% yield (entry 25). Furthermore, a negligible quantity of N-acylated products (1-5%) were generated and no 1,3-diacylation or polymerization occurred in our method. Pyrrole and benzofuran also afforded 3-acylated products in excellent yields (entries [26] [27] [28] i For indoles and pyrrole the selectivity is given as 1-/2-/3-isomers.
Experimental
Chemicals, supplies and instruments (2-Hydroxyethyl)trimethylammonium (choline chloride, purity $ 99.0%) was obtained from HiMedia Laboratories Pvt. Ltd (India). Zinc chloride (purity $ 98%) was obtained from SigmaAldrich. Anisole (analytical standard, GC, purity $ 99.9%), indole (purity $ 99%), propionic anhydride (purity $ 96%), acetic anhydride (purity $ 99%), butyric anhydride (purity $ 97%), isobutyric anhydride (purity $ 99%), t-butyric anhydride (purity $ 99%), benzoic anhydride (purity $ 95%), 1,2-dimethoxybenzene (purity $ 99%), 1,3-dimethoxybenzene (purity > 98%), 1,4-dimethoxybenzene (purity > 99%), 1,2,4-trimethoxybenzene (purity $ 97%), mesitylene (purity $ 99%), m-xylene (purity $ 98%), p-xylene (purity $ 99%), cumene (purity $ 98%), thioanisole (purity $ 99%), 4-bromoindole (purity $ 96%), 5-bromoindole (purity $ 99%), 5-chloroindole (purity $ 98%), 5-uoroindole (purity $ 98%), 5-methylindole (purity $ 98%), 5-methoxyindole (purity $ 99%), pyrrole (purity $ 98%) and benzofuran (purity $ 99%) were obtained from SigmaAdrich. Silica gel 230-400 mesh, for ash chromatography was obtained from HiMedia Laboratories Pvt. Ltd (India). TLC plates (silica gel 60 F254) were obtained from Merck. Ethyl acetate (purity $ 99.5%), n-hexane and chloroform (purity $ 99%) were obtained from Xilong Chemical Co., Ltd (China). Chloroform-d, 99.8 atom% D, stabilized with Ag, was obtained from Armar (Switzerland). All starting materials, reagents and solvents were used without further purication.
Microwave irradiation was performed on a CEM Discover BenchMate apparatus which offers microwave synthesis with safe pressure regulation using a 10 mL pressurized glass tube with Teon-coated septum and vertically-focused IR temperature sensor controlling reaction temperature. Melting point was performed on a Büchi B-545. GC-MS analyses were performed on an Agilent GC System 7890 equipped with a mass selective detector (Agilent 5973N) and a capillary DB-5MS column ( 
Conclusions
We have developed a novel catalyst taking advantage of green and efficient catalytic activity under microwave irradiation. The use of [CholineCl][ZnCl 2 ] 3 allows regioselective acylation of aromatic compounds and ve-membered heterocycles under mild conditions. A variety of electron-rich compounds such as alkylbenzenes, anisole derivatives, and ve-membered heterocycles are reactive using the present method. This catalyst possesses several advantages such as low toxicity, low cost, easy handling, and easy recycling. The procedure is simple, good to excellent yields are obtained, and further potential applications can be foreseen.
